A novel lymphocyte, NKT cells bearing an invariant V α 14 antigen receptor, specifically recognizes α-galactosylceramide (α-GalCer) exclusively presented by mouse CD1d (mCD1d). However, the precise molecular interaction remains unclear. For the basis of functional analyses, a docking model of α-GalCer with the crystal structure of mCD1d was constructed. Possible residues involved in the α-GalCer-mCD1d interaction were found to be Arg79, Glu83 and Asp80 for carbohydrate recognition, and Asp153 for interaction with the amide group on the fatty acyl chain. The α-GalCer-presenting ability of various transfectants expressing mutant mCD1d was completely abrogated if a single amino acid mutation was induced at positions 79, 80, 83 or 153, suggesting that the polar amino acids above the FЈ pocket are crucial for α-GalCer presentation to activate V α 14 NKT cells. The possibility that Glu83 is a contact site for the NKT cell receptor is also discussed.
Introduction
V α 14 NKT cells are known to belong to a lymphoid cell lineage also been suggested that the two long alkyl chains of the ligand are able to be accommodated in the two hydrophobic distinct from conventional αβ T lymphocytes (1-3), and are characterized by their expression of the invariant antigen pockets (AЈ and FЈ), while the hydrophilic head group of the antigen is exposed for recognition by the NKT cell antigen receptor encoded by V α 14 and J α 281 gene segments associated mainly with V β 8.2 in mouse (4-6), and by V α 24 and J α Q receptor (20) . The analysis of the structure-activity relationship of glycosylsegments with V β 11 in human (7, 8) . Both mouse and human NKT cell antigen receptors interact with α-galactosylceramide ceramides strongly suggest that the antigenicity is highly susceptible to the molecular structure of the glycosylceram-(α-GalCer) selectively presented by a non-classical MHClike molecule, CD1d, that is monomorphic in nature among ides (11, (21) (22) (23) (24) . Especially important are the 1Љ-α linkage between the sugar and ceramide moieties, the existence of species (9-16).
Crystallographic analysis has indicated that the mouse the 2Љ-OH in the sugar pyranose ring, and the existence of the 3-OH on the sphingosine. Possible binding conformations CD1d (mCD1d) has a deep, narrow and very hydrophobic ligand-binding groove with two pockets denoted AЈ and FЈ of α-GalCer analogues with mCD1d are calculated in which active analogues could share important pharmacophoric (17) . In fact, the interaction of glycolipids with mCD1d has been demonstrated by biochemical analysis (18, 19) . It has groups (25) and the seven possible conformations are sug-gested by the calculation. However, the active conformation could not be determined from the information obtained from the structure-activity relationship study alone.
In the present study, the molecular basis of the binding and recognition of glycolipids with mCD1d is addressed by computer modeling and by functional assay. The docking modeling and functional study using a series of mutant mCD1d-transfected cells suggest that the polar amino acid residues located over the FЈ pocket, including Arg79, Asp80 and Glu83 in the α 1 -helix, and Asp153 in the α 2 -helix of mCD1d, and a backbone carbonyl group (Val149) on the α 2 -helix are essential for the efficient activation of V α 14 NKT cells.
Methods

Mice
V α 14 NKT (RAG-KO/V α 14tg/V β 8.2tg) mice were established and back-crossed 4 times with C57BL/6 mice (11) . All mice used were maintained under specific pathogen-free conditions in our animal facility. Animal care was in accordance with the guidelines of Chiba University.
Glycolipids
The α-GalCer (KRN7000) was prepared in the Pharmaceutical Research Laboratories, Kirin Brewery (Gunma, Japan). Antigen stock solution (100 µg/ml) was stored in DMSO at 4°C.
Computer modeling
Software. The modeling study was aided by the SYBYL software package (Tripos Associates, St Louis, MO). SYBYL Programming Language was utilized for programming specific procedures developed in this study.
Step 1: ligand binding sites of mCD1d. In our previous study we have shown that the long alkyl chains of α-GalCer (AGL517) and α-glucosylcceramide (α-GlcCer) (AGL563) glycosylceramides used in the present study. R ax Љ and R eq Љ, axial (Fig. 1A) would bind to the inside the AЈ and FЈ pockets via and equatorial configuration of hydroxyl (OH) groups on the hydrophobic interaction (11) . Although most of the amino acid carbohydrates; R, OH on the sphingosine; m, number of methylene residues near the binding groove are hydrophobic, His68, groups on the sphingosine; n, number of methylene groups on the Ser76, Arg79, Asp80, Glu83, Lys148, Asp153, Thr156, Thr159, fatty acyl chain. (B) Hydrophilic residues on the α-helices of mCD1d. The protein (mCD1d) structure is indicated as a ribbon (α-helix, Asp166 and Thr167 are polar residues that might interact by orange; β-sheet, green). The side chains of the polar amino acid hydrogen bonding with the amide or hydroxyl groups of α-residues are represented in space-filling mode (oxygen atoms, red;
GalCer. Most of these residues are located near the center nitrogen atoms, violet; carbon atoms, white). The two hydrophobic of the binding helices except His68, Lys148 and Asp166.
pockets of mCD1d are indicated as AЈ and FЈ.
Thus we chose the side chains of Ser76, Arg79, Asp80, Glu83, Asp153, Thr156, Thr159 and Thr167 as candidate hydrogen bond donor/acceptor sites, several of which interact molecules that might interact with mCD1d. The dummy atoms with hydrogen acceptor/donor atoms of ligand molecules were placed at a fixed distance (2.8 Å from heteroatoms) and (Fig. 1B) . Distances between pairs of heteroatoms in the side in the direction of the hydrogen-bonding partner atom (Fig. chains of the above-mentioned amino acid residues were 2A). These dummy atoms correspond to the hydrogen-bondcalculated. The accuracy factor (or grid size) of the distance ing pair sites of the receptor. At this step, short alkyl chain was set to 0.8 Å, i.e. if a distance was in the range of 0.0-(m ϭ 0, n ϭ 0; Fig. 1 A) models were used. The torsion 0.8 Å, it was considered to be 0.4 Å, and a value 1.2 Å was angles about the bonds specified, as indicated in Fig. 2(B) , assigned for a distance between 0.8 and 1.6 Å.
were varied in a systematic manner with an increment of 30°a nd the resulting conformers were examined for unfavorable Step 2: hydrogen-bonding site mapping of ligand molecules. The conformation of the ligand (AGL517 or AGL563) was van der Waal's atomic contacts. Conformers without significant van der Waal's contacts were selected and the distances fixed to one of the putative active conformations obtained in the previous structure-activity relationship study (25) . Dummy between the dummy atoms were recorded (distance map).
Here an accuracy factor of 0.8 Å was again employed. atoms were added to all the heteroatoms in the ligand this step was straightforward. For every distance combination matched for the ligand and the receptor, the ligand molecule was placed in the receptor groove according to the orientation (Fig. 2C) . Figure 2 (C) summarizes the docking and alkyl chain conformation search procedure. The models were sorted by interaction energy and the lowest 20 energy models were selected for each putative active conformer.
Step 4: superimposition of AGL517 and AGL563 in the frame of the mCD1d structure. In the previous step, 20 docking models were calculated. Using mCD1d as the frame of reference, the docked models of AGL517 and AGL563 were compared for pharmacophore overlap. The goodness of overlap was measured by r.m.s. fit value for the 2Љ-, 4Љ-and 3-OH groups. Extending the alkyl chains of AGL517 produced the docking model of α-GalCer (KRN7000) (m ϭ 24, nϭ13). Finally, structure optimization was applied exclusively to the extended carbon chains.
Mutagenesis of mCD1d and their transfectants
The mCD1d cDNA was established by L. Brossay and M. Kronenberg (26) , and was in a pHβAprmCD1.1neo plasmid. For mutagenesis, the insert mCD1d cDNA was ligated with a cloning vector pGEM-11zf using unique SalI and BamHI sites (P2371; Promega Madison, WI). Mutant mCD1d cDNAs were obtained with a Gene Editor in vitro site-directed mutagenesis system (Q9280; Promega) using mutagenic oligonucleotides as follows: R74A: 5Ј-GTTTCAA-GTCTATGCAGTCAGCTTTACCAGGG-3Ј; V75A, 5Ј-CAAGTC-TATCGAGCCAGCTTTACCAGGGAC-3Ј;S76A, 5Ј-GTCTATC-GAGTCGCCTTTACCAGGGACATAC-3Ј; F77A, 5Ј-CTATCGA-GTCAGCGCTACCAGGGACATACAGG-3Ј; T78A, 5Ј-CGAGT-CAGCTTTGCCAGGGACATACAGGAATT-3Ј; R79A, 5Ј-CGAG-TCAGCTTTACCGCGGACATACAGGAATTAGTC-3Ј; D80A, 5Ј- The mutant mCD1d cDNAs were inserted into the expression vector pHβAprneo, after the alanine substitution was confirmed by DNA sequencing. Transfection was performed using RMA-S cells lacking TAP-1 as described previously
Step 3: docking study. Docking ligands to mCD1d was guided (26). The expression of wild-type and mutant mCD1d was by the potential of the hydrogen-bonding interaction. Interdetected by staining with anti-mCD1d antibodies (1B1 and atomic distances between the specified dummy atoms were 1H1; PharMingen, San Diego, CA). extracted from the distance map calculated in Step 2. The six distances determine the relative orientation of the dummy V α 14 NKT cell lines and clones atoms (Fig. 2B) . The distance that describes the quadruplet was then subjected to a search for the distances calculated V α 14 NKT cell lines were generated as described previously (27) with a slight modification. In brief, spleen cells (1ϫ10 5 / for the receptor molecule in Step 1. As the same grid resolution (0.8 Å) was employed in Step 1 and Step 2, the comparison in well) from V α 14 NKT mice were cultured in anti-CD3 mAb (145-2C11, 100 µg/ml)-coated 96-well round-bottomed plates The docking models were then searched using the following assumptions: (#3077; Falcon, Franklin Lakes, NJ) in the presence of 100 U/ml of recombinant mouse IL-4 for 3 days and then expanded (1) Several hydrogen bonds are formed between α-monoglyin six-well plates (#3516; Costar, Corning, NY) with 100 U/ml cosylceramides and mCD1d. of recombinant mouse IL-4 for 2 days. The cells were then (2) Considering that the crystal structure of mCD1d contains transferred and cultured with 30 U/ml of recombinant mouse an unidentified ligand molecule (17) , the conformation of IL-4 for another 2 days in new plates. A CD1d-restricted each side chain in the crystal structure available from phosphatidylinositol-reactive V α 14 NKT cell clone, 24.8A1 the Protein Data Bank (1CD1) will accept the active (28), was kindly provided by Drs M. Brenner and S. Behar α-monoglycosylceramides, α-GalCer (AGL517) and α-(Harvard Medical School, Boston).
GlcCer (AGL563), for docking. (3) The active α-monoglycosylceramides bind to mCD1d in Measurement of cytokine production one of the seven putative active conformations. V α 14 NKT cell lines or the 24.8A1 V α 14 NKT cell clone were (4) In the docking models of mCD1d/AGL517 and mCD1d/ co-cultured with wild-type or mutant mCD1d expressing RMA-AGL563, the important hydroxyl groups of AGL517 and S cells or non-transfected parental RMA-S cells, which had AGL563 must be superimposed using mCD1d as the been preincubated with α-GalCer (100 ng/ml) for 12 h, in frame of reference. RPMI 1640 supplemented with 10% FCS, kanamycin (100 (5) α-Monoglycosylceramides bind to mCD1d with their alkyl mg/ml), 2 mM L-glutamine and 50 mM 2-mercaptoethanol in chains inside the AЈ and FЈ pockets. 96-well round-bottomed culture plates under humidified 5%
Under the above assumptions, we first selected several CO 2 at 37°C. The amounts of IFN-γ or IL-2 in the culture hydrophilic amino acid residues that locate near the binding supernatants were assessed using a standard sandwich groove of mCD1d (Fig. 1B) . Some of the heteroatoms in the ELISA according to the manufacturer's protocol (PharMingen, side chains of these hydrophilic residues would interact San Diego, CA).
with α-monoglycosylceramides by forming hydrogen bonds. These atoms were considered to be possible hydrogenResults bonding sites of the receptor (Assumptions 1 and 2). On the other hand, dummy atoms were added to the heteroatoms of Computer-aided molecular modeling analysis of the inter-α-monoglycosylceramides. These dummy atoms represented action between mCD1d and α-GalCer hydrogen-bonding partner sites on the mCD1d ( Fig. 2A  and B ; Assumption 1). By fixing the conformation of the α-We have previously shown that the hydrophobic interaction between the long carbon chains of the ceramide portion of monoglycosylceramides in one of the seven possibilities (Assumption 3), the bonds indicated in Fig. 2 (B) were system-α-GalCer and the two hydrophobic AЈ/FЈ pockets of CD1d are essential for stimulation of V α 14 NKT cells (11) . Moreover, atically rotated to map the possible hydrogen-bonding sites.
Mapping of the possible hydrogen-bonding sites was the hydrogen-bonding interactions between α-GalCer and CD1d are also suggested to be important for stimulation of expressed as the distances between the dummy atoms. Similarly a distance map that describes the hydrogen-V α 14 NKT cells. In fact, the 1Љ-α-anomeric sugar linkage, the configuration of the 2Љ-OH group of the sugar moiety and the bonding sites on the receptor was prepared. Then the maps from the ligand were screened with the map from the receptor. 3-OH residue on the sphingosine base of the ceramide are critical for the activation of V α 14 NKT cells (11, 21) . It has
In this study, we screened the ligand maps that found more than six matches of distances in the map from the receptor also been suggested that α-galactosylsphingosine lacking all carbon chains of the fatty acyl chains but retaining the amide (Assumptions 1-3). According to the match in the distances, a model of α-monoglycosylceramide could be positioned in structure and intact sphingosine base on the ceramide has a significant stimulatory effect on the allo-mixed lymphocyte the mCD1d (Fig. 2C) . A large number of docking models of mCD1d/AGL517 and reaction (29) or V α 14 NKT cell hybridoma (21, 30) , indicating the importance of the sphingosine and amide structure on mCD1d/AGL563 were obtained. The models were screened by the following criteria: (i) the absence of unfavorable van the alkyl chain of the ceramide for the activation of V α 14 NKT cells. der Waal's atomic contacts and (ii) the energy of interaction. For each of the seven conformations, 20 energetically favored To identify a possible hydrogen-bonding interaction between mCD1d and α-GalCer, computer-aided molecular models were selected. Then, Assumption 4 was applied to score the goodness of the docking models. Using mCD1d modeling was carried out. The modeling study utilized the results from the structure-activity relationship study carried as the frame of reference, the docked models of AGL517 and AGL563 were compared for goodness of overlap of the 2Љ-out previously (25) . In the present study, we calculated the putative active conformations for α-GalCer (AGL517) and OH and 4Љ-OH groups on the sugar moiety, and the 3-OH group on the sphingosine base expressed as r.m.s. fit values. α-GlcCer (AGL563) (Fig. 1 A) by assuming that these active analogues bind to a receptor molecule (mCD1d) with a Figure 3 (A) represents the schematic topology of the docking model. In this model, the fatty acyl chain stretched toward common geometric arrangement of the 2Љ-OH on the sugar, the 3-OH on the sphingosine and the 4Љ-OH on the sugar, the AЈ pocket and the sphingosine base toward the FЈ pocket. The model (r.m.s. fit score 1.3A) was ranked fifth best. The which represents the orientation of the sugar ring. It was found that there are seven possible ways for the active top four models (r.m.s. fit scores 1.0, 1.1, 1.2 and 1.2A) were omitted from consideration, even though the important analogues to arrange their hydroxyl groups in space (25) . hydroxyl groups overlapped well for AGL517 and AGL563 of mCD1d. The sugar moiety generates a hump-shaped molecular surface with Arg79 and Glu83 that might be because one or both of the alkyl chains of the ligand was placed outside of the binding groove (Assumption 5).
important for the T cell activation (Fig. 3C) . The model also suggests that the amide group on the fatty The docking model shown in Fig. 3(B) suggests that the side chains of Arg79 and Asp80 of mCD1d interact with the acyl chain of α-GalCer interacts with Asp153. Asp153 is conserved in both hCD1d and mCD1d, but is replaced by 2Љ-OH on the sugar moiety through a complex hydrogen bond network. Asp80 is common in both mCD1d and human CD1d
Asn (hCD1a) or Tyr (hCD1b and hCD1c) in other species, again indicating the importance of Asp153 for the α-GalCer (hCD1d), but is replaced by Gly (hCD1a) or Glu (hCD1b and hCD1c) in other CD1 molecules that have no α-GalCer interaction. The 3-OH group on the sphingosine base, which is essential for V α 14 NKT cell activation (21) , resides between presenting activity to V α 14 NKT cells (15) , indicating Asp80 is critical for α-GalCer binding to CD1d. Exchanging Asp with the groove helices, suggesting that this hydroxyl group interacts with a backbone carbonyl group (Val149) on the α 2 -helix Glu is generally considered to be a conservative mutation, however, it is obvious that an elongation of one methylene of mCD1d (Fig. 3B ).
The final model of α-GalCer (KRN7000)/mCD1d was subunit in the side chain will have a significant effect on the topology of the hydrogen-bond network used for molecular jected to a structure optimization calculation using Merck molecular force field (31-35) and atomic charge parameters recognition. It is also suggested that the 3Љ-OH group on the sugar moiety interacts with Arg79 and Glu83 on the α 1 -helix employing a dielectric constant of 4. For the important hydro- We used RMA-S cells expressing wild-type or mutated mCD1d as APC and they were pre-pulsed with 100 ng/ml α-GalCer for 12 h. V α 14 NKT cell lines (2ϫ10 5 /well) were stimulated with APC (5ϫ10 4 /well) for 72 h in 100 µl culture. IFN-γ produced in the culture supernatants were measured by ELISA. The data were expressed as mean in triplicates Ϯ SD. Three other experiments gave similar results.
gen-bonding pair atoms, the distance constraint energy term, helix) of mCD1d, all of which were suggested by molecular modeling to be important for the interaction with α-GalCer. 2 , was added where d is the distance between the two atoms, d 0 ϭ 2.8 Å, and k, the force constant,
The amino acid residues around the four residues (α 1 -helix: 75, 76, 77, 78, 81, 82, 84 and 85, and α 2 -helix: 151, 154 and was set to 4 (kcal/mol/Å 2 ). Structural optimization was carried out until a minimum energy change of 0.05 kcal/mol was 155), and nearby charged amino acid residues (α 1 -helix: 74 and 86, and α 2 -helix: 148 and 166) were replaced by alanine. attained. No significant change in the overall structure was observed after optimization, supporting the docking model
The mutation sites are indicated in Fig. 4(A) . The expression levels of wild-type and mutated mCD1d on as being energetically acceptable.
the RMA-S transfectants were determined by flow cytometry Functional activity of mutant mCD1d.
analysis. As shown in Fig. 4(A) , transfectants with notably high and similar levels of fluorescence intensity were selected According to the suggestions obtained from the molecular modeling, we established a panel of transfectants expressing by anti-mCD1d 1B1 mAb. The expression patterns of CD1d were also confirmed by another anti-CD1d 1H1 mAb (data mutant mCD1d molecules with alanine substitutions. RMA-S cells were used as a host cell line, since they express marginal not shown). The results suggested that these mutants do not have significant conformational changes for antigen presentalevels of mCD1d (Fig. 4A ) and undetectable levels of MHC class I (data not shown). The mutations covered amino acid tion. V α 14 NKT cell lines were stimulated with transfectants preincubated with α-GalCer and IFN-γ production was residues Arg79, Asp80, Glu83 (α 1 -helix) and Asp153 (α 2 -
Discussion
Based on the functional analysis using mutant mCD1d transfectants and the docking model of α-GalCer with the crystal structure of mCD1d, four amino acid residues in mCD1d, Arg79, Asp80 and Glu83 (α 1 -helix), and Asp153 (α 2 -helix), were suggested to be crucial for the activation of V α 14 NKT cells. Arg79 and Asp80 may interact with the 2Љ-OH, while Arg79 and Glu83 may interact with the 3Љ-OH on the carbohydrate moiety of α-GalCer as suggested by the docking model. However, functional analyses using CD1d mutants raised the possibility of the direct interaction of some residues with the NKT cell receptor. In fact, Asp80 and Asp153 locate inside 2Љ-OH on the carbohydrate moiety, whereas the amide moiety of the acyl chain interacts with Asp153 and also possibly with Asp80. Thus, the Asp80 and Asp153 residues would be covered by the ligand and not be accessible from the molecular surface of the mCD1d-α-GalCer complex, sugassessed. As shown in Fig. 4(B) , most of the mutant mCD1d gesting that these amino acids are responsible for α-GalCer transfectants stimulated V α 14 NKT cells to the same extent interaction rather than for direct contact with the NKT cell as the wild-type mCD1d transfectant. However, no stimulatory receptor. This notion is also supported by the fact that Asp80 activity was detected if a mutation was induced at Arg79, is common to both mCD1d and hCD1d, but is replaced by Asp80 or Glu83 in the α 1 -helix, or at Asp153 in the α 2 -Gly (hCD1a) or Glu (hCD1b and hCD1c) in other CD1 helix of mCD1d. Control groups, such as vehicle-pulsed molecules having no α-GalCer-presenting activity to V α 14 transfectants or no antigen-presenting cells (APC) with 100 NKT cells (15) . ng/ml of α-GalCer treatment, showed no activity (data not Based on the topological point of view, Arg79 and Glu83 shown). Furthermore, the increased numbers of transfectant are able to interact with the NKT cell receptor. However, APC or those of the V α 14 NKT cell line did not influence the Arg79 is essential for the α-GalCer interaction. This is because results (data not shown). These results clearly suggest that the R79A mutant mCD1d transfectant successfully stimulated the four residues on the α-helices of mCD1d are crucial for the 24.8.A1 NKT cell clone (Fig. 5) which is stimulated by the activation of V α 14 NKT cells.
the recognition of endogenous phosphatidylinositol in the In order to characterize the effect of the mutations in the absence of α-GalCer (28). Distinct from Arg79, the E83A direct interaction with the NKT antigen receptor, the mCD1d mutation, however, failed to stimulate the 24.8.A1 NKT cell mutants were tested for their ability to activate a V α 14 NKT clone (Fig. 5) . A simple interpretation is that Glu83 is the cell clone 24.8.A1 which is activated by mCD1d in the contact site for the NKT cell receptor rather than for α-GalCer absence of α-GalCer (28). Endogenous phosphatidylinositol binding. However, it is possible that Glu83 is important for is suggested to be an inherent antigen that the 24.8.A1 NKT the binding of endogenous phosphatidylinositol to mCD1d. cell recognizes (28), while it is not formally proved. Since the Preferably, Glu83 is likely to interact with the 3Љ-OH of the 24.8A1 NKT cell clone is an autoreactive clone, it is thus likely carbohydrate moiety of α-GalCer as suggested by the docking to assume that the reactivity of the clone reflects on its model. In fact, an α-GalCer analogue that carries an additional NKT antigen receptor binding site on the CD1d molecule if glycosylation at the 3Љ position of α-GalCer, Galβ1-3Galα1-endogenous and exogenous ligands behave in a similar 1ЈCer, has been shown to be a potent antigen for the manner. Among the four critical residues, Asp80 and Asp153 stimulation of V α 14 NKT cells (11) . Given that the Galβ1-locate inside the binding groove of mCD1d, indicating the 3Galα1-1ЈCer is presented in a similar manner, the existence difficulty in the direct interaction of the NKT cell receptor with of the bulky substitution at the 3Љ-OH might disturb the these residues (Fig. 3B) . In contrast, the side chains of interaction of Glu83 with the NKT cell receptor. Taken collectArg79 and Glu83 are exposed outside the α-helix of mCD1d, ively, the role of Glu83 remains unclear from the present suggesting possible contact sites with the NKT cell receptor. study. We have to wait for the results of the crystallographic We, thus, chose R79A and E83A mutants for analysis. As analysis to obtain the final conclusion. shown in Fig. 5 , the R79A mutant successfully activated the In our current model, the 3-OH group on the sphingosine 24.8.A1 NKT cell clone, while the E83A did not, indicating base of α-GalCer, which is critical for the activation of V α 14 that at least Arg79 does not interact with the NKT cell receptor NKT cells, may not interact with any of the four residues. directly, but possibly with the 2Љ-OH of the carbohydrate Instead, it is likely that it interacts with a backbone carbonyl moiety as suggested by the data in Fig. 3(B) . The control group (Val149) on the α 2 -helix of mCD1d. Under the assumpmutation of Gln154 that also locates outside the helix, however, tions made for the docking modeling and the results of the mutation experiments, we could exclude the possibility that does not influence the ability to stimulate the clone. the 3-OH of the sphingosine interacts with any of the four of the antigen. Taken together with the surface plasmon resonance results, the abrogation of the response by these charged amino acid residues by the following calculations. First, the 3-OH is hypothesized to form a hydrogen bond with mutations may be due to a decreased stability of the mCD1d-α-GalCer complex or to inappropriate binding orientation for either Asp80 or Asp153. Search calculations are carried out to find suitable docking models that satisfy (i) the interaction V α 14 NKT receptor recognition, rather than a simple failure in the binding of α-GalCer to mCD1d. of Arg79 and Glu83 with the ligand, and (ii) the occupancy of the hydrophobic pockets of mCD1 with the alkyl chains of the ligand. As a result, no model was found (data not shown), Acknowledgments thus eliminating the possibility that the 3-OH interacts with base is likely to interact with the backbone carbonyl group of Val149. However, the interaction between the 3-OH group of the sphingosine base and the backbone atoms of mCD1d
Abbreviations cannot be demonstrated experimentally by mutation studies. mouse CD1d (18, 19) . Likewise, despite their inability to stimulate V α 14 NKT cells, mCD1d and hCD1d can bind to non-stimulatory β-GalCer, N-dipalmitoyl-L-α-phosphatidylethanolamine or References gangliosides (18) . Thus, CD1d appears to have an ability to
